Magnetic field computations have been performed for the three-inch circular aperture doubler magnets in the warm iron geometry.
Locations for rectangular conductors along circular arcs have been found such that, in the absence of the construction errors, the sextupole and decapole terms have been removed from the dipole.
For the quadrupole suitable locations for the conductors have been found that remove the duodecapole term. Field quality, longitudinally integrated fields, construction errors, forces, energy content, and eddy current heating under cycled conditions will be discussed for a 45 kG dipole and a 20 kG/inch quadrupole.
Design Considerations
The possibilities inherent in circular iron shields, elliptical iron shields, pancake coils, offset circular shell coils, and circular shell coils have been examined using complex variable methods.1 Both the field in the transverse section and the longitudinally integrated field are calculated.
For each geometry a search mode is employed to improve any one of several parameters specifying initial conductor locations.
Thus, for circular shells, the radial position, azimuthal position, or azimuthal space between keystoned conductors may be adjusted.
For pancake coils, the horizontal position or horizontal space between rectangular conductors may be varied.
The end result of the search is a set of conductor locations that minimizes the energy content within the reference radius of all multipoles except the lowest. Although the search procedure may be incorporated into the longitudinally integrated fields, this was not done because, for relatively long magnets, the end effects are small and a few runs suffice to obtain the desired quality.
Additional calculations provide the field distribution and net flux entering the iron shield, eddy currents induced in various elements, and the electromagnetic force distribution in the conductors.
Thus one may estimate field modifications induced by iron saturation, the iron cross section necessary to reduce return flux saturation, and the power loss in the bore tube liner, cryostat walls, and heat shield.
From the force calculations realistic estimates are made of the banding tension necessary to restrict conductor movements and the spring constant2 for the displacement of the coil package relative to the iron.
An iron shield in the shape of an upright ellipse has a reduced saturation effect on the field distribution and yields a coil arrangement for high quality fields that reflects the confocal nature of the coordinate system.
Hence the usable aperture has even higher eccentricity than the shield although minimal net flux results. A horizontal aperture sufficiently small to provide an economic advantage over the circular case requires vertical injection and extraction. This imposes a considerable constraint on the elliptical shield which, therefore, was abandoned in favor of the circular shield.
Having chosen a circular shield, the concentric nature of the coordinate system dictates that for high quality fields the conductor arrangement be circular. Field quality demands from orbit considerations, extraction requirements., and achievable construction tolerances set the aperture diameter at about three inches.
Considerations that lead to a choice of inner iron radius are as follow.
In a typical cold iron design the shield is used directly to hold the coil package in place. Saturation effects on the magnetic field must be counterbalanced with additional correction windings.
This design, however, makes maximum use of the iron in producing field.
If, on the other hand, it is desired to have the dipoles and quadrupoles track with an accuracy sufficient to permit a single excitation current throughout the magnet system, then, for the coil package that yields a three inch aperture, the inner iron radius must be about four inches.
For this radius there is sufficient space between the outside of the coil package and the iron to insert a thermally insulating support structure.
Thus, the iron may remain at room temperature.
In this warm iron design, although there is no significant saturation effect, more ampere-turns must be provided to offset the diminished utilization of the iron. We have opted for the warm iron design with the attendant possibility of simplifying the power distribution system.
For the most economical use of superconductor one may tailor the conductor size depending on its location in the magnetic field. Thus, in the dipole, two grades of multistrand cable were used.
For the inner two shells a seven-strand cable of nominal size .150 in by .075 in was chosen3 for which the effective JB product is 80% qf short sample.4 In the outer two shells an 11-strand cable of nominal size .150 in by .050 in was used for which the effective JB product is 70% of short sample.
Having chosen the space allowed in the dipole for conductors, banding, cryostats, and supports, these general space allocations were incorporated into the quadrupole for maximum simplicity.
These conditions and the desire to obtain the highest gradient possible in order to minimize longitudinal space allocation dictate an ungraded conductor design for the quadrupole.
Thus the 11-strand conductor
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was chosen which operates with a JB product at 63% of short sample. 4 The length of the iron shield relative to the coil ends must be chosen. Calculations using many segments of linear current elements have been made3 and indicate that for dipoles, in the absence of the iron shield, a field enhancement of some 20% is expected in the end region. Since the field enhancement by the iron in the transverse section is 18% it is desirable to terminate the iron somewhat before the conductors are turned around. In this manner there will be no significant field enhancement in the ends. For the quadrupole, since the maximum field is much less than 45 kG, the iron shield may be carried out over the coil ends.
Finally, it is to be noted that in constructing both the dipoles and the quadrupoles the construction tolerance on the location of conductor shell radii and azimuthal position of the shell is ±.002 in. Tables 1 -8 are self explanatory.
Table 9 refers to the longitudinally integrated fields in which circular turn-around ends are used, the turn centers being separated by the length indicated. The entries T(N), S(N), and R(N) refer to coefficients in a multipole expansion of the longitudinally integrated magnetic field. Successive terms give AB at the reference radius for the dipole, sextupole, decapole, etc.
The contribution due to the currents with no shield is T(N), the contribution from the iron shield is S(N), and R(N) is the ratio T(N) + S(N) divided by T(l) + S(1). Table 10 is a similar calculation in which the contribution due to the ends is omitted and the length set equal to one inch. The median plane field in the transverse section is given by BT. Columns BA, BS, and BN give respectively the contribution in the absence of the shield, the contribution due to the shield, and the total field normalized to unity at the origin. The entry DELR(N) is an estimate 6 of the magnitude of the change in R(N) induced by saturation effects in the iron shield. Tables 11 -12 provide similar information relative to the quadrupole, T(N) etc. now stepping through quadrupole, duodecapole, etc. 
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